Peatlands are a significant component of the global carbon (C) cycle, yet despite their role as a long-term C sink throughout the Holocene, they are increasingly vulnerable to destabilization. Nowhere is this shift from sink to source happening more rapidly than in Southeast Asia, and nowhere else are the combined pressures of land-use change and fire on peatland ecosystem C dynamics more evident nor the consequences more apparent. This review focuses on the peatlands of this region, tracing the link between deforestation and drainage and accelerating C emissions arising from peat mineralization and fire. It focuses on the implications of the recent increase in fire occurrence for air quality, human health, ecosystem resilience and the global C cycle. The scale and controls on peat-driven C emissions are addressed, noting that although fires cause large, temporary peaks in C flux to the atmosphere, year-round emissions from peat mineralization are of a similar magnitude. The review concludes by advocating land management options to reduce future fire risk as part of wider peatland management strategies, while also proposing that this region's peat fire dynamic could become increasingly relevant to northern peatlands in a warming world.
Introduction
Peatlands are a globally important carbon (C) pool. While covering only approximately 3% of the Earth's land surface, they contain an estimated 500-700 Gt (i.e. Pg) of C, which is between 32 and 46% of the total soil C pool (approx. 1500 Gt [1] ) and likely exceeding that contained in the world's vegetation (500 Gt [2] ). By any comparison, therefore, peat-forming ecosystems are a significant component of the global C cycle. In terms of both area (3.6 million km 2 [3] ) and C storage (400-600 Gt [4] ), the most extensive peatlands are found in northern regions of the world, but there are also significant deposits in the humid tropics. Collectively, these tropical peatlands cover some 0.4 million km 2 with a total C pool of 80-90 Gt [5] . Their greatest extent is in Southeast potential for further escalation of C loss as global warming accelerates into the future. Nowhere is this shift from sink to source happening more rapidly than in insular Southeast Asia, and nowhere else are the combined pressures of landuse change and fire on peatland ecosystem C dynamics more evident nor the consequences more apparent. For these reasons, this review focuses on the peatlands of this region, initially tracing the link between land-use change and C emissions from peat mineralization and fires before moving on to focus on the implications of increasing fire occurrence and frequency for ecosystem resilience, human health and the global C cycle. The review concludes by advocating land management options to reduce future fire risk while also proposing that the knowledge that has developed on Southeast Asia's peat fire dynamic could become increasingly relevant to northern peatlands that are subject to intensifying levels of human disturbance in a warming world.
Peatlands as vulnerable carbon pools
Hydrology plays a critical role in the peatland C cycle because the position of the water table controls the rate at which aerobic microbial decomposition (mineralization) of organic matter, and hence the rates of peat and C accumulation, can proceed. Under conditions of near permanent waterlogging, the absence of oxygen in the soil profile favours the accumulation of undecayed or partially decayed organic matter facilitating long-term ecosystem C storage over millennial time scales [4, 9] . But alterations accompanying anthropogenic land use changes and conversion for economic utilization lead to drawdown of the water table. This exposes the upper part of the peat column to aerobic mineralization triggering the loss of peat C from long-term storage, principally as a direct flux of CO 2 to the atmosphere (e.g. [10] [11] [12] ) but also as CH 4 from drainage ditches [13] and as dissolved organic C (DOC) in drainage waters [14, 15] . Across the world, peatlands have been drained to enable a range of land uses including livestock grazing, crop cultivation, forestry and peat extraction. Over the last three decades, these changes have been most rapid and widespread in the tropics, where drainage combined with year-round warm temperatures drive high rates of mineralization, while fire can also be an additional and often substantial source of greenhouse gas (GHG) emissions to the atmosphere. Drained tropical peatlands contribute almost 70% (approx. 200 Mt C) of global drainage-and fire-derived GHG emissions from organic soils [16] , with a smaller 30% from drained northern peatlands.
Peat fires have been recorded from many parts of the world including the UK [17] , Eurasia, e.g. the Moscow region of Russia [18, 19] , Canada and Alaska [20] [21] [22] [23] , Africa, e.g. the Okavango Delta [23] , South America, in Peru [24] and Brazil [25] and Southeast Asia, particularly Indonesia [26] [27] [28] [29] . Some of these fires have been substantial, both in terms of area burnt and the severity of combustion (e.g. [21, 26, 30] ) but the peat fires of one region, insular Southeast Asia, are unique in exhibiting a rapidly escalating scale of fire extent, frequency and severity combined with serious immediate and longer term consequences for climate, environment and society.
In an undisturbed state, the peatlands of lowland, insular Southeast Asia have a high degree of fire resistance. Intact peat swamp forest has a ground water table that is close to the forest floor. Thus, the entire peat column, together with the living forest biomass, is nearly permanently moist. Nevertheless, the peat palaeo record provides some evidence of intermittent fire-driven disturbances in this ecosystem. Cole et al. [31] , for example, discuss the role that episodes of climatic variability, linked primarily with El Niñ o southern oscillation (ENSO)-related droughts over the last two to three millennia, may have played in facilitating occasional wildfires in the peat swamp forests of Sarawak. Their analysis of the pollen record indicates, however, that the vegetation remained relatively resilient despite these infrequent disturbances. There have been few studies of the palaeo fire record in Southeast Asian peats, and thus it remains to be determined whether this picture of disturbance and post-fire recovery is typical of the developmental history of peat swamps elsewhere in this region. Nevertheless, it is likely that contemporary peat fires in Southeast Asia are now occurring at a much higher magnitude and frequency than those described from the palaeo record.
The present-day peat fire dynamic of insular Southeast Asia is the consequence of what might be described as a 'perfect storm' of events that provide the key ingredients for fire activity, namely an abundance both of fuel and of ignition sources. Rapid forest degradation and loss driven by land-use change to cash crop plantations has been powered by a burgeoning global demand for cheap supplies of forest and plantation products, notably timber, vegetable oil and pulpwood. Over the last two decades, this region has experienced some of the highest rates of forest loss and disturbance anywhere in the tropics. For the period 2000-2010, forest loss amounted to some 14 500 km 2 (0.59% yr
21
) with at least two-thirds of this occurring in Indonesia and Malaysia [32] . Peat swamp forests, however, underwent a still more rapid rate of decline compared to other forest types with a loss rate of 2.25% yr 21 (2000-2010) , largely as a result of conversion to large-scale oil palm and pulpwood plantations [33] that increased in area by 12% annually between 2007 and 2010 [34] . The advent of these monoculture plantations has seen landscape-scale forest clearance and peat drainage but also widespread use of fire as a cheap, fast and effective means to clear large areas of forest debris and regrowth. Some of the most rapid transformation of peat swamp forest to plantation agriculture has taken place in eastern Sumatra [35] and in the Malaysian state of Sarawak [36, 37] . In these 'hot spots' of land conversion, there is clear evidence that transformation of peatland has proceeded hand-inhand with an increase in fire activity. In eastern Sumatra, most fires over the period 1996-2010 were concentrated in areas of heavily degraded forest on a land-use change trajectory towards plantation or small-holder agriculture; by contrast, there were almost no fires in intact peat swamp forest which remained resilient to combustion [35] . A similar picture emerges for Sarawak where the peat swamp forest conversion rate to plantation was 8% per year for the period 2000-2010 [35] , with rapid expansion to 5250 km 2 under oil palm accompanied by widespread use of fire [37] .
Outside the immediate boundaries of plantation concessions or small-holder farms, the fire-resilience of the remaining fragments of peat swamp forest has been greatly reduced, placing them at increased risk of accidental and purposeful ignitions through the combined effects of logging and drainage. Logging opens up the forest canopy, resulting in a warmer, drier forest microclimate which increases the flammability of above and belowground fuels. In addition, drainage from channels located either inside the forest to float out logged timber or at the forestplantation boundary have lowered peatland water tables, even rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150176 at distances of up to several kilometres beyond the drainage feature [11, 38] . Where peat swamp forest has burnt once, it will undergo a secondary succession back to closed forest. But in reality, it is far more likely that standing and dead timber remaining from the first fire increase the chance of a second fire, placing the ecosystem on a trajectory towards fire-prone fern-and sedgedominated open vegetation with very limited opportunity for forest recovery [29, 39] .
In Indonesia, there are now extensive areas of deforested and drained peatland that have no current economic use but are at high risk of accidental or purposeful ignitions. A portion of this fire-prone 'idle' land is in a temporary stage before eventual conversion to plantation agriculture, enabling those involved in plantation development to decouple from the original act of deforestation and claim no involvement in fires set to keep the land clear of encroaching scrub [35, 40] . Elsewhere, degraded peat-covered landscapes are the result of moribund agricultural schemes. The former Mega Rice Project (MRP) in southern Central Kalimantan, for example, was developed on 10 000 km 2 of peatland during the mid-1990s with the intention of converting the peat swamp forest to rice cultivation. The construction of more than 4000 km of canals combined with widespread forest disturbance resulted in more than half of this area burning during the intense ENSO-driven drought of 1997-1998 [26] ; much of this land was subsequently abandoned without further large-scale economic development taking place. Yet, fire continues to be used on a regular basis to assert land tenure rights and to clear agricultural waste on small-holdings; if not carefully controlled, these fires escape into the wider landscape where they are very difficult to extinguish. The situation is further complicated by the arrival of migrant farmers from other parts of Indonesia who have little or no understanding of cultivating peat soils or the risk that land management fires pose in what is now a highly combustible environment. The recent increase in the incidence of forest fires in insular Southeast Asia and their link to land-use change has been emphasized by several studies. Using the region's airport visibility records, Field et al. [41] demonstrated that large forest fires (not necessarily peat fires) have occurred on Sumatra since at least the 1960s linked to severe droughts during strong ENSO events. By contrast, in Kalimantan, and despite several previous severe ENSO-related drought years, large fires did not occur until the 1982-1983 ENSO at a time of increasing landuse change. While this study does not differentiate between fires on peat and non-peat soils, Goldammer & Siebert [42] suggest that of the 50 000 km 2 of forest affected by the 1982-1983 fires on Borneo only some 10% (5500 km 2 ) was peat swamp forest. Other studies also support the view that the peat covered landscapes have become increasingly fire prone since the onset of large-scale human alteration, particularly from 1990 onwards. For example, during the intense drought of the 1997-1998 ENSO, some 24 000 km 2 of peatland in Indonesia (12% of the total peat area [5] ) burnt, releasing around 0.9 Gt carbon into the atmosphere (intermediate estimate [26] ). In the decade that followed, extensive fires again occurred in peat swamp forest, particularly in western Indonesia. During the moderate ENSO of 2002, 73% of the forest area of the island of Borneo affected by fire was in peat swamp forest while during the weaker ENSO of 2005, it was 55% [43] . But although the most severe fires of recent years can be linked to droughts driven by the ENSO climate anomaly [26, 41] , peat fires are now a regular feature of every dry season, even those of short duration [40] . Thus, fire return intervals are decreasing to typically just a few years [29] , in strong contrast to those for northern peatlands which range from centuries to millennia [21, 44, 45] . This current fire dynamic means that peat fires in insular Southeast Asia can no longer be considered occasional ecological events that result in short-term perturbations of peatland hydrology, structure and biodiversity followed by medium-term recovery to a new stable state. With every fire season, they are an escalating and intensifying environmental disaster with very profound implications for GHG emissions, air quality, human health, local livelihoods and regional economies. Indeed the very survival of the remaining peat swamp forests is threatened. Outside of Papua and the small sultanate of Brunei where relatively intact peat swamp forests still remain, the next decade could see total loss of this ecosystem in Southeast Asia through a combination of sustained land-use change and fire.
Where there's smoke, there's ( peat) fire
In peatland ecosystems, fires comprise both flaming and smouldering combustion [46] . While flaming, surface fires consume vegetation and litter, smouldering fires burn into and below the ground consuming the peat itself as a fuel source. Flaming fires may pass rapidly through the vegetation but smouldering fires burn slowly and persist for long periods of time, burning repeatedly in response to changing soil moisture and penetrating to different peat depths. Smouldering combustion is a low-temperature process that proceeds under reduced oxygen availability [46] . Peat moisture is the main factor limiting peat ignition and the start of the smouldering combustion process and fires will not usually establish in peat with a high moisture content [47, 48] . But once established, peat fires in Southeast Asia may burn for days, weeks or even months and are very difficult to control. Many occur in remote, off-road locations where they are difficult to extinguish using conventional fire-fighting techniques. They can also re-ignite, even after rain, and are often only fully extinguished by a rising ground water table following heavy rain (figure 1). The incomplete combustion that occurs during smouldering peat fires means that they are responsible for more substantial atmospheric and air quality impacts than vegetation fires. In addition to emissions of direct (CO 2 , CH 4 ) and indirect (CO 1 ) GHGs, they are the source of toxic compounds (e.g. benzene, hydrogen cyanide) and also high levels of small particulates (PM 2.5 -particulate matter with diameter less than 2.5 mm). This dense, toxic smoke (or 'haze', as it is disingenuously termed in Southeast Asia) poses significant health risks to human communities both within immediate proximity of the fires and at greater distances since smoke plumes can be transported over tens or even hundreds of kilometres from the source of the fires [49] . This is a pertinent issue for this densely populated region where there is the potential for exposure of large numbers of people to smoke inhalation [50] . In 1997 In , 2002 In , 2009 In , 2013 and again in 2015, smoke from Indonesian peat fires resulted in severe haze pollution incidents affecting not only the inhabitants of Indonesia but also of Peninsular Malaysia, Singapore and even countries further afield, such as Thailand and the Philippines. These pollution events are so acute that they result in serious economic and social impacts, including the closure of schools, the cancellation of flights, a downturn in rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150176 business revenues and tourism, and human health problems, even for those experiencing short-term exposure to the smoke. Johnston et al. [51, 52] discuss the toll that regular peat fires in this region take on human health, estimating that the inhalation of particulates in smoke haze may be responsible for an additional 110 000 deaths per year through increased incidence of respiratory and cardiovascular conditions, particularly among children, the elderly and those with pre-existing respiratory problems. In addition, peat smoke also contains many carcinogenic gases such as hydrogen cyanide, ammonia and benzene that will inevitably result in a longer term increase in ill health and mortality in the smoke-affected population.
The economic consequences of 'haze' events in Southeast Asia are difficult to quantify. A global comparison of the costs of fires over the period 1990-2013 ranks Indonesia as the second most affected country after Canada [53] . For the 1997-1998 fires, Doerr & Santini [53] , citing data from EM-DAT [54] , rank this fire event, with a total cost of US$8 billion, as globally the most economically damaging on record over a 30 year period . Similarly, the 2015 Indonesian peat fires, which have been burning for several weeks as this review is being written, are estimated to have already cost billions of US dollars, accounting simply for the direct costs of fire-fighting and the loss of timber and crops, rather than any wider consequences. It could be argued, however, that a holistic financial account of the costs associated with land-use change on peatland in this region should include an assessment of the impact that peat-derived GHG emissions have on the global climate system, whether those emissions are from fires or the slower but constant process of peat mineralization.
Fire feedbacks to the climate system
Knowledge of the amount of organic matter that is consumed during a fire is critical in estimating C and GHG emissions to the atmosphere. Fuel consumption per unit area burned during a peat fire can be 10 times that of fires in other land covers [55] ; yet, there are only a very limited number of studies providing ground-or laboratory-based data on the volume of peat consumed during peat fires. This requires quantitative estimation of the depth of burn as well as peat characteristics (i.e. bulk density and C content), which are not easy to determine in the field, particularly when fires are active in remote locations.
For North American peatlands, estimates of depth of burn range from 0.5 to 100 cm [56] [57] [58] but often with significant spatial heterogeneity [56] and with enhanced combustion during droughts and/or where there has been anthropogenic disturbance and drainage [57] . For tropical peatlands, there has been an even more limited number of field measurements. Page et al. [26] estimated that the 1997-1998 fires in the former MRP area in Indonesia burnt to an average depth of around 50 cm. This was a high level of fuel consumption reflecting (i) fire occurrence in a landscape with high above-ground biomass (intact and degraded forest); and (ii) the low peat moisture content resulting from uncontrolled drainage and an ENSO drought (water levels were at or greater than 100 cm below the peat surface). Subsequent studies in the same area estimated a shallower depth of burn value of 33 cm during the less intense ENSO of 2006 [28] .
In recognition of the need for more robust methodologies to assess burn severity in fire-prone tropical peatlands and its climate implications, a recent study has examined fire-driven peat loss at another location within the former MRP where up to eight successive fires occurred over a 15 year period [59, 60] . This investigation demonstrates a strong interdependence between depth of burn and both distance from nearest drainage canal (as a proxy for peat moisture conditions) and fire frequency. Regardless of fire frequency, the depth of peat consumed over the period 1996-2011 decreases from nearly 40 cm within close proximity to a canal (200-300 m), to 20 cm or less at distances of 800 m or more, illustrating that fire severity (in terms of peat combustion and C loss) increases with decreasing peat moisture content. A further finding is that the highest fire frequencies appeared only close to canals, indicating that the impact of canal drainage not only influences the volume of combusted peat, but also the probability of the re-occurrence of fires in these areas. Moreover, the study demonstrates differential depth of burn according to fire frequency, reducing from an average depth of 17 cm during a first fire, to 10 cm, 6 cm and 2 cm for the second, third and fourth/subsequent fires, respectively. These values are averages obtained across all fire years in the study location and hence can be considered to be more representative of typical dry season fires rather than those occurring during ENSO droughts. The reducing depth of burn for second and subsequent fires is also noteworthy and can be interpreted as the result of several factors: (i) initial fires occur in a landscape with high above-ground fuel load (forest), thus flaming, surface fires propel more intense drying of the peat surface resulting in deeper combustion than occurs during subsequent fires when the above-ground fuel load is reduced. Second fires may also take place in the presence of a sizeable above-ground fuel load (standing and fallen dead timber left from the first fire) but by third and subsequent fires, woody fire fuels have greatly diminished [29] . (ii) Combustion lowers the peat surface bringing it closer to the position of the water table, thereby increasing peat moisture content and limiting the depth of dry peat fuel available for subsequent fires. (iii) Fire alters the peat surface organic geochemistry, with labile C constituents replaced by more recalcitrant compounds with greater resistance to combustion during subsequent fires [61] . The reducing mass of peat consumed during successive fires is an important finding; for the MRP area, where this study was undertaken, C emissions amount to 114 t C ha 21 for first fires, reducing to 13 t C ha 21 for fourth and subsequent fires, illustrating a considerable reduction in emissions for repeat fires in the same location and allowing more accurate, stratified reporting of emissions based on fire history. This knowledge should enable the climate modelling community to adopt a more realistic value for C emissions from recurring tropical peat fires in degraded, drained landscapes. Another knowledge limitation is our understanding of the climate impact of smouldering peat fires, i.e. the amount and composition of gaseous emissions. IPCC guidance [62] on GHG emission factors for fires on organic soils is derived from only four studies, with only one addressing tropical peat fire emissions. While two subsequent studies [63] (Tom Smith 2015, personal communication) confirm that IPCC tropical peat emission factors for CO 2 and CO are of the correct order of magnitude they also highlight variability in CH 4 emissions. Given the high global warming potential of this gas (25 times that of CO 2 over a 100 year time scale [64] ) this could have critical implications for the climate impact of peat fires and further studies are warranted to better understand the controls on fire-driven CH 4 emissions.
In addition to particulate and gaseous emissions, tropical peat fires also result in enhanced loss of fluvial C (dissolved and particulate organic C, DOC and POC) in waterways draining from fire-affected peatlands. In a study comparing total organic C fluxes (TOC ¼ DOC þ POC) from a peatland in Central Kalimantan, Gauci et al. [65] demonstrate that TOC fluxes are 32-68% larger in catchment channels affected by fires when compared with fluxes over the same time interval in a previous non-fire year. Increased fluvial C export will have direct impacts on the downstream aquatic ecosystem [66] and ultimately initiate enhanced evasion of CO 2 and CH 4 to the atmosphere through in-stream processing, further adding to the atmospheric loading of GHGs derived from peat fires.
Scaling up
For insular Southeast Asia, peat fires have resulted in a magnitude of fire-related C emissions of the same order as that arising from peat mineralization, with a conservative C emissions estimate of around 0.1 Gt yr 21 from each source [59, 67] , but excluding the initial spike in C emissions from peat mineralization within the first 5 years following drainage [59] . At around 0.2 Gt C yr 21 , this flux equals the annual C emissions from Malaysia and Indonesia arising from fossil fuel burning, cement production and gas flaring (0.215 Gt C yr 21 ; http:// cdiac.ornl.gov/trends/emis/top2011.tot) and is equivalent to around 2% of global fossil fuel emissions (9 Gt C yr 21 ;
http://cdiac.ornl.gov/trends/emis/top2011.tot). The high C density of tropical peatland means that even a small change in the peat C store can lead to a large percentage change in the atmospheric C pool. This was evidenced by the 1997-1998 forest and peat fires which contributed greatly to the largest annual increase in the atmospheric CO 2 concentration recorded at the Mauna Loa observatory since records began in 1957 [68] . Indications are that the scale of C emissions from the current 2015 fires will exceed that from recent fires in 2006 and 2009, and could approach that of the 1997-1998 fires. These are large emissions. But it also needs to be recognized that while fires may cause temporary peaks, C emissions from peat mineralization are occurring continuously, year-round and are of a similar magnitude [16, 67] .
6. In the firing line: managing and preventing peat fire
Peat fires in insular Southeast Asia involve interactions between different forms of land ownership, land management and land covers. In pre-disturbance landscapes, there was limited risk of accidental ignitions or fire spread since the landscape was resistant to fire. The new landscapes of fragmented forests and drained peatlands are, by contrast, highly fireprone, but while landscape resilience to fire has changed, human behaviours and land planning policies have either failed to take this into account or have purposefully exploited the flammability of the drained peat soils. The increasingly regular occurrence of peat fires can therefore be considered both a consequence of human activity (land-use change, increased human access and an increased risk of anthropic ignitions) and of the absence of strong policy initiatives (e.g. no drain and no burn policies) and effective policy implementation. The occurrence of extended droughts associated with ENSO events undoubtedly exacerbates the intensity of peat fires, but this climatic phenomenon is not, in itself, the root cause. Successful solutions to the haze must ultimately focus on the substrate for the fires-i.e. the peat itself. This will require a radical shift in human behaviours and practices, but also a fundamental recognition that solutions will require strong political leadership and investment. The scientific evidence on both the drivers and scale of C emissions from peat fires in insular Southeast Asia and their local to global consequences has been well established for at least 10 years. But this body of scientific knowledge has been inadequately translated into land-use policy and land management practices during a period when the region has been undergoing wide-ranging economic and societal transformations. Peatland drainage (figure 2) has been allowed and, indeed, even encouraged to continue apace while at the same time peat fires have become increasingly more frequent and severe, with ever-more wide-ranging and acute consequences. Understanding the cause of the recent rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150176 escalation in fire activity is neither challenging nor ambiguous: a combination of forest degradation and drainage has removed the intrinsic fire-resistance of the peat swamp forest ecosystem. And once drainage is initiated, it can have only one endpoint-oxidative loss of the peat substrate, either relatively slowly as a result of mineralization or rapidly as a result of fire. In seeking to find culprits for recent fires, large companies have been blamed for clearing land for plantation development. But a study of the 2006 peat fires established that 59% of the fire emissions from Sumatra and 73% of the emissions from Kalimantan actually originated outside timber and oil-palm concession boundaries [69] , emphasizing that there are many actors in the line of fire, from large multi-national companies through to mediumsized enterprises and small-holder farmers. While the largest plantation companies, such as Wilmar, have made recent commitments to 'zero burn', 'no deforestation' and 'no planting on peatlands', small and medium-sized companies with smaller plantation estates have made less tangible and visible commitments to the 'sustainability' of their activities [70] .
Any long-term solution seeking to slow down both the loss of tropical peat and the incidence of peat fires must strive to restore ecosystem resilience; in essence, the peat has to be kept wet. This will require hydrological interventions on drained peatlands at an unprecedented scale in order to slow down peat mineralization and reduce the risk of fire. This will come with inevitable economic consequences for stakeholders involved in agricultural production. There are now 130 000 km 2 of drained peatland in insular Southeast Asia [67] , of which at least 30 000 km 2 in Peninsular Malaysia, Sumatra and Borneo are currently under industrial-scale oil palm and pulpwood plantations [34] . However, business-as-usual projections of future conversion rates for peatlands, based on historical rates, indicate that by 2020, 60 000-90 000 km 2 (40-60% of the total peatland area) could be converted to plantations [34] . Thus, the geographical magnitude of the problem is daunting. There are technical challenges to be overcome in persuading policy-makers and land managers that peat water tables should be maintained at a sufficiently high level to reduce fire risk, as well as substantial governance and political challenges, including uncertainties over land rights and weak policy implementation.
Some of the key steps that will be needed to reduce the incidence of peatland fires include: -Preventing, absolutely, any further peatland forest clearance and drainage, while also mitigating fire risk and peat loss in existing plantation landscapes by improving water management, i.e. by maintaining water tables within narrow limits, accepting that while this may yield a reduction in fire occurrence there may be consequences for reduced crop yields. The economic cost-benefit analysis of reduced yields should, however, be set against the much greater environmental and socio-economic costs associated with air pollution from peat fires. A water table depth in the range 50-70 cm is already accepted as best management practice by the Roundtable on Sustainable Palm Oil [71] , but in many plantations the variability in rainfall and practicalities and costs of effective water management mean that water tables often fall well below 100 cm. -Where plantation drainage abuts onto remnant blocks of peat swamp forest, initiatives will be needed to rehabilitate (i.e. re-wet) drained peat in critical areas-e.g. where remaining peat domes and peat forests are threatened by total loss to fire or mineralization. Residual forest is usually located on the deepest peat, so fire prevention will not only protect carbon stocks but also contribute to the protection of biodiversity and other forest ecosystem services. Effective protection will require concerted efforts by plantation owners to block canals and retire land from intensive plantation production. Further research is required to establish whether some of these hydrological buffer zones could support plantations of economically useful native tree species that are tolerant of high water levels. -Some of the larger companies involved in plantation agriculture on peat, e.g. several palm oil producers, have sustainability statements that include a commitment to zero burning. But zero burning needs to be accepted not just by these few big companies, but by all involved in peatland management. Small-holder farmers collectively manage a large land area on peat, but are poor and use fire as a cheap means to clear land. They need education programmes on land management and fire risk and guidance on cost-effective alternatives to the use of fire. Government no burn policies also need to be strictly enforced, with legal penalties for those found to be flouting the law. -Rehabilitation of 'idle' peatlands with unregulated drainage needs to be initiated through landscape-scale restoration programmes. Re-wetting the peat can be achieved by blocking and infilling artificial drainage features and restoring a moist microclimate through reforestation with appropriate native tree species. In the initial stages (at least for the first 20 years), these actions will need to be accompanied by active fire suppression and management until the ecosystem starts to recover some of its inherent fire resilience. -All land managers and those involved in land-use planning need to be educated that peat is a problem substrate entirely different from mineral soil. They need to understand that landscape resilience to fire has altered and that human behaviours, i.e. land management practices, need to adapt to this loss of resilience. Communities around peatlands need to be informed about the risk of fire. There are probably important lessons that can be learnt from successful community engagement programmes in other fire-prone 
Conclusion
Fires on the peatlands of insular Southeast Asia have been substantial both in terms of area burnt and the severity of combustion. They are recognized as an important source of atmospheric GHGs, trace gases and aerosols, as well as having consequences for human health, livelihoods and economies. Both fire and peat mineralization have been the inevitable consequence of peatland conversion to large-scale agriculture driven by rapid economic and social transformations, largely unfettered by effective land-use policy. While these changes have been unprecedented in their extent and rapidity, they provide a forewarning that future C losses from peat fires in climate zones outside the tropics could, without adequate controls, come to equal those from Southeast Asia. On a global scale, fire weather seasons have lengthened over the last three decades [73] but in peatland regions, a change in weather pattern is only one of the drivers for increased fire occurrence. Given the natural resilience of peatlands to hydrological shifts, fire tipping points usually only occur when dry weather occurs in combination with human disturbance and increased access that together provide fire fuels and ignition sources. The 2010 fires around Moscow, for example, led to an extreme air pollution incident during a prolonged heatwave; but it was the combination of dry weather plus the availability of large amounts of dry fuel in drainage-affected peatlands that were the causal factors [74] . In boreal Canada, the potential for increased emissions from peat fires is also recognized [75] . Peat fires already make a significant contribution to fire C emissions in this country, with fires on peatlands in western Canada emitting an estimated 6 Mt C yr 21 , compared with an emission of 27 Mt C yr 21 from fires across the whole country [76] . It is predicted, however, that climate-and/or human-induced drying will increase fire occurrence [57, 75] , raising concerns for GHG emissions and also for human health since boreal peat fires release not only particulates but also mercury into the atmosphere [77] . Peatlands across the globe have served as a long-term C sink, nevertheless predicted climatic changes towards drier conditions and longer fire seasons combined with ongoing human disturbances will inevitably lead to modified peat C mineralization and fire regimes and faster rates of GHG emissions to the atmosphere [45] . On the balance of available evidence, it therefore seems highly likely that the consequences of disturbance and drainage of peatlands in Southeast Asia are a harbinger of the potential for the destabilization of the much larger peat C stocks located in northern peatlands.
Meeting discussion
Question: What do we know about the role of international law and transboundary responsibility for one country causing deleterious consequences for another related to smoke or haze?
Answer: Pollution that originates in one country but causes damage in another country is referred to as transboundary pollution. Principle 21 of the 1972 Stockholm Declaration of the United Nations Conference on the Human Environment asserts that states are under an obligation not to cause harm to the environment of other states. This principle has been incorporated into international environmental law and has been followed by a number of subsequent, specific treaties dealing with, for example, marine pollution and nuclear pollution. A very limited number of transboundary pollution cases have, however, actually been decided by international courts, thus questions remain about the practical application of international law when dealing with transboundary pollution incidents [78] . The air pollution originating from forest fires in Indonesia is a clear example of a transboundary pollution incident, since the smoke can be transported many hundreds of miles from its origin -impacting on the air quality of neighbouring countries, such as Singapore and Malaysia, as well as those further away from the source, such as Thailand, the Lao PDR and the Philippines. As a response to regular smoke haze pollution events over the last 20 years, the Member States of ASEAN (the Association of Southeast Asian Nations) have been undertaking joint efforts to monitor, prevent and mitigate transboundary air pollution, guided by the 2002 ASEAN Agreement on Transboundary Haze Pollution. This agreement was the world's first regional arrangement binding a group of states to tackle transboundary pollution from land and forest fires. It has now been ratified by all 10 ASEAN member states, although Indonesia signing only recently in 2014. Despite good intentions, however, the levels of air pollution caused by recent land fires have led to scepticism that ASEAN has the ability to hold its member states to the commitments of the Agreement, with apparently little achieved in the way of concrete actions to reduce fire occurrence or minimize the severity of the resultant transboundary pollution.
Competing interests. The authors declare no competing interests. Funding. We received no funding for this study.
Endnote
1 Carbon monoxide (CO) is an indirect GHG as it can produce increases in tropospheric ozone concentrations that increase radiative forcing (warming of the atmosphere).
